Switchgrass (Panicum virgatum L.) is a native perennial warm season grass currently being used as a bioenergy feedstock. However, little information is available on switchgrass production in the northeastern US. The objectives of this study were to evaluate the performance of three switchgrass cultivars (Alamo, Carthage, and Timber) grown for bioenergy at two locations in New Jersey. Cultivars were planted in a randomized complete block design with three replicates at two locations, Upper Deerfield and Pittstown, NJ in spring of 2007 and 2008, respectively. A single fall harvest was made at each location in 2009 and 2010. Ash, dry matter content, and high heating value were determined from subsamples of plots collected monthly after harvest. Switchgrass biomass yields ranged from 8.94 to 13.21 Mg ha -1 . Biomass yields were similar among cultivars and locations tested. Dry matter content increased after fall harvest at both locations and reached acceptable levels in January. Mean ash content ranged from 14.0 to 25.7 g kg -1 and did not differ among cultivars or subsample harvests. High heating values ranged from 19.39 to 20.08 J kg -1 , with no differences observed among cultivars or harvests. Near-infrared reflectance spectroscopy predicted ash well but not high heating value. Results indicate that Alamo, Carthage, and Timber are high yielding, low ash switchgrass cultivars that could be promising choices for biomass production in the northeastern and MidAtlantic US, and that dry, low-ash biomass can be harvested throughout the winter if weather conditions permit.
Introduction
Switchgrass (Panicum virgatum L.), a C4 perennial warm-season grass native to the eastern twothirds of the United States, is emerging as a bioenergy feedstock. Switchgrass has a wide range of applications including forage, hay, habitat restoration and erosion control as well as a component in seeded native grass mixtures and buffer strips (Missaoui et al., 2005) . Switchgrass has also been selected by the U.S. Department of Energy (USDOE) as a model bioenergy feedstock species for several reasons including its native status, high productivity across a wide geographic range, suitability for marginal land, low water and nutrient requirements, as well as positive environmental benefits, and is currently being grown as a bioenergy crop (Monti, 2012) . Switchgrass has been shown to be a highly diverse species, both morphologically and molecularly (Casler et al. 2007a, b; Cortese et al., 2010; Zhang et al., 2011 ). An outcrossing polyploid, switchgrass has been classified into two ecotypes, upland and lowland, based on habitat preference and morphology (Das et al., 2004) . Upland ecotypes are typically shorter, fine-stemmed, earlier maturing, and adapted to drier, more northern sites (Casler, 2012) . Lowland ecotypes tend to be taller and thick stemmed, late maturing, adapted to wetter sites, more resistant to rust caused by Puccinia spp., and faster growing than upland ecotypes .
Previous research has illustrated the importance of breeding improved switchgrass cultivars for specific sites (Vogel and Jung, 2001; Fike et al., 2006a) and suggests that no single switchgrass cultivar is likely to have yield advantages across multiple locations (Hopkins et al., 1995; Casler et al., 2004) . Adaptation zones of switchgrass cultivars have been established based on multi-location cultivar evaluations. These studies have shown that photoperiod, cold tolerance, heat tolerance, precipitation, and humidity are important environmental factors that limit adaptation of switchgrass populations (Casler et al., 2004; Cassida et al., 2005b; Fike et al., 2006a) . To date, much of the research on switchgrass as a bioenergy crop in the US has been conducted in the Midwest, the Southeast, and the South, where differential response of ecotypes in biomass production across latitudes have been shown (Wullschleger et al., 2010) .
The Northeast/Mid-Atlantic region is the most populated and urbanized region of the United States and is responsible for the consumption of a large amount of fossil fuels in the USA. Because it is not economically feasible to transport biomass from far distances to utilize as a bioenergy feedstock in the Mid-Atlantic and Northeast, it will be important to identify germplasm that performs well specifically for this environment if biomass is going to be a significant source of renewable energy for the region. New Jersey and other states throughout the region are interested in utilizing renewable energy sources (New Jersey Clean Energy Program -Board of Public Utilities, Maryland Public Interest Research Group). New Jersey falls within the eastern broadleaf forest hardiness zone 6/7 gene pool for deployment of regionally adapted switchgrass germplasm. This area stretches east from the 100 th meridian and north from Tennessee and North Carolina to Kentucky, West Virginia, southern Pennsylvania and New York, and Massachusetts, encompassing a large portion of the eastern US (Casler, 2012) . In New Jersey alone there are more than 200,000 ha of land enrolled in preservation that are not suitable or are not currently being used for commercial agricultural crop production (Hasse and Lathrop, 2010) .
Biomass feedstocks like switchgrass can be converted into energy using several technologies including fermentation, direct combustion, and thermo-chemical conversion . Because there is currently no existing infrastructure for a cellulosic ethanol plant or pyrolysis and/or gasification operation in the Mid-Atlantic and Northeast, direct combustion of switchgrass biomass is likely the most viable current option for conversion of this feedstock into energy. In addition to biomass yield and gross energy content, several factors can affect net energy content in biomass combustion systems. Moisture contents greater than 23% are generally considered problematic because excess moisture increases transportation costs, causes safety issues for biomass storage, and decreases combustion efficiency (Lewandowski and Kicherer, 1997) . High ash content can also be problematic in combustion systems potentially causing slagging, fouling, and corrosion of boilers, again decreasing combustion efficiency (Lewandowski and Kicherer, 1997) . In addition, timing of harvest has also been shown to affect biomass quality (Sanderson and Wolf, 1995; Cassida et al., 2005a) . Characterization of biomass energy characteristics using wet chemistry methods is time consuming and expensive, but near-infrared reflectance spectroscopy (NIRS) has been widely utilized in quantifying the composition of agricultural products such as forages, grains, oilseeds, vegetables, sugarcane, as well as in switchgrass (Roberts et al., 2004; Vogel et al., 2011) . Such characterization of biomass energy crops could be useful in speeding crop development programs and real time product analysis in the biomass conversion process. The overall objectives of this study were to evaluate biomass yield, dry matter content, ash content, and high heating value of three switchgrass cultivars over time grown in New Jersey and to determine which cultivars and harvest times are most useful for biomass production for combustion energy systems in the Northeast/Mid-Atlantic region of the US.
Materials and Methods
Switchgrass seed from three cultivars was obtained from different sources. Seed of Carthage (upland) and Timber (lowland) was provided by the Natural Resources Conservation ServiceUnited States Department of Agriculture Plant Materials Center in Cape May, NJ. Seed of Alamo (lowland) was obtained from Turner Seed Company (Breckenridge, TX). Switchgrass cultivars were chosen based on overall performance and high biomass yields seen previously in New Jersey (Cortese and Bonos, 2013) . Plots measuring 4.6m by 12.2m were seeded with cultivars Alamo, Carthage, and Timber, at a rate of 11.2 kg pure live seed ha -1 with a drop spreader (Lesco, Cleveland, OH) at two locations in New Jersey -the Rutgers Agricultural and Research Extension Center in Upper Deerfield and the Clifford E. and Melda C. Snyder Research and Extension Farm in Pittstown. Plots were arranged in a randomized complete block design with three replicates at each location. The Upper Deerfield location was seeded on 11 June 2007 in a Chillum silt loam (Fine-silty, mixed, semiactive, mesic Typic Hapludults) and the Pittstown location was seeded on 13 June 2007 in a Quakertown silt loam (fine-loamy, mixed, active, mesic Typic Hapludults). On 15 June 2008, the Pittstown location was reseeded at the same rate used previously because of initial stand failure. Plots were irrigated for four weeks to aid establishment. Weeds were controlled with 2,4-Dichlorophenoxyacetic acid (0.7 kg ai ha -1 ) and Dicamba (3,6-dichloro-2-methoxybenzoic acid) (0.14 kg ai ha -1 ) applied on 16 July 2007 at Upper Deerfield and 10 July 2008 at Pittstown. All plots received 60 kg N ha -1 (as ammonium nitrate) in mid-May of each post-establishment year (2008 , 2009 at Upper Deerfield, 2009 at Pittstown), but no additional irrigation or herbicides were applied.
All plots were harvested for biomass yield with a single fall harvest. Upper Deerfield plots were harvested on 2 December 2009 and 3 December 2010, and Pittstown plots were harvested on 18 November 2009 and 21 December 2010 (Table 1) . A single strip measuring 10.03 m 2 was harvested from the center of each plot with a Carter forage harvester (Brookston, IN) at a stubble height of 15 cm. Fresh weights were recorded from biomass harvested from each plot. Two 0.5 kg to 1.0 kg subsamples from each plot were dried at 43°C for 14 days and used to determine dry matter content. In addition, subsamples were taken from the biomass harvested from each plot to determine ash content and energy values (as high heating value). After the fall biomass yield harvest, three random subsamples consisting of 60-80 tillers were taken monthly for three months from each plot's remaining biomass. Subsamples were hand cut at a height of 15 cm for a total of 12 subsamples per plot of each harvest year, and were used to determine dry matter content, ash content, and high heating value. An effort was made to avoid harvesting shortly after a rain or snow event; however, in some cases, this was not possible and is noted in the results and discussion section. Upper Deerfield subsamples were taken at the end of the third and fourth growing seasons, and Pittstown subsamples were taken at the end of the second and third growing seasons (Table 1) . Dried subsamples were ground with a Wiley mill to 1mm and sent to Dairy One Forage Testing Lab (Ithaca, NY) for determination of ash content (AOAC Method 942.05) and high heating value (quantified by bomb calorimetry) (http://www.dairyone.com/Forage/Procedures/default.htm, March 20, 2013). These same samples were also subjected to NIRS using a Unity Scientific Spectrastar ™ 2400 Drawer model (Brookfield, CT). Samples were placed in a 7cm diameter holder (non-rotating) and scanned at 1nm intervals over the wavelength range of 1200-2400 nm. Data from the Dairy One Forage Testing Lab were used as reference values to develop calibration equations and statistics using the Ucal™ software package (Unity Scientific, Brookfield, CT) set at default values using the partial linear squares statistical model. Statistical analysis was conducted using the SAS System version 9.3 (SAS Institute Inc., Cary, NC) to perform analysis of variance. Biomass yield was analyzed using the MIXED procedure of the SAS System (SAS Institute Inc., Cary, NC). Data from both years and both locations were analyzed together. Effects of year, location, their interaction, and their interactions with factors of interest were included in the model as fixed effects and removed if not significant. Dry matter content, ash content, and high heating values were analyzed using the MIXED procedure of the SAS System (SAS Institute Inc., Cary, NC) to fit a mixed effects repeated measures analysis of variance with harvest as the repeated effect. Effects of year, location, year x location, cultivar, harvest, cultivar x harvest, year x harvest, location x harvest, and year x location x harvest were included in the model as fixed effects and removed if not significant, and effects of block within year and location and year x location x block x cultivar were considered random. Data were examined for violations of assumptions by inspection of plots of standardized residuals. Mean separations were based on Tukey's studentized range test (HSD) and were considered significant at the 0.05 level. (Wullschleger et al., 2010) . In this study, a significant year by location interaction was observed for biomass yield (Table  2 ). In 2009, the Upper Deerfield location had a higher mean yield than Pittstown (12.5 Mg ha -1 vs. 9.9 Mg ha -1 ), and in 2010 no difference between locations was observed. At Upper Deerfield, yields were greater in 2009 (12.5 Mg ha -1 ) than in 2010 (10.0 Mg ha -1 ), when less precipitation occurred during the growing season at this location (data not shown). At Pittstown, no difference in yield between harvest years was observed. The difference in yield between locations in 2009 may be due to difference in stand age between locations, where Upper Deerfield plots were harvested after the third growing season and Pittstown the second. Because switchgrass typically reaches full yield potential by the third growing season, yields at Pittstown were expected to increase in 2010, similar to results reported by Hoagland et al (2013) . Dry conditions in 2010 may have contributed to the lack of yield increase at Pittstown; however, it is difficult to determine the degree to which stand age and environmental factors such as soil type and precipitation played a role in observed yields. Generally, lowland cultivars are less drought tolerant, more prone to winter injury, and higher yielding than upland cultivars. However, no difference in biomass yield among cultivars or harvest years was observed, indicating that cultivars Alamo, Timber, and Carthage performed similarly across years and locations in this study. Based on these findings, both upland and lowland switchgrass cultivars can be grown successfully as bioenergy feedstocks in New Jersey. It should be noted however, that lowland cultivars have been shown to be less productive than upland cultivars near 42.2° N and north of this latitude due to winter injury (Casler et al., 2004; Wullschleger et al., 2010) .
There is limited biomass yield data available in published literature for the cultivars tested in this study. While it is difficult to compare the yields observed here with other studies that tested the same switchgrass cultivars in other parts of the US, yields observed here fall within the range of reported yields for the same cultivars. (Cassida et al., 2005b) . In the southeast, reported November yields for Alamo include 15.1 Mg ha -1 in NC, 10.8-12.4 Mg ha -1 in Blacksburg, VA 16.4 Mg ha -1 in Orange, VA, and 17.5 Mg ha -1 in WV (Fike et al., 2006b ). Lemus et al. (2002) reported yields of 12.1 Mg ha -1 for Alamo and 9.9 Mg ha -1 for Carthage switchgrass harvested in fall near Chariton, Iowa. Few studies have reported switchgrass yields in the northeastern US. In Rock Springs, Pennsylvania, switchgrass yields for upland cultivar Cave-in-Rock and lowland synthetic populations ranged from 7.1 to 9.7 Mg ha -1 harvested in the fall (Sanderson, 2010) . In addition, Bonos et al. (2011) reported similar yields ranging from 8.41 to 9.47 Mg ha -1 for switchgrass cultivars grown in New Jersey, South Dakota, and Wisconsin. 
Dry Matter Content
A significant year by location by harvest interaction was observed for dry matter content, as presented in Table 3 and Figs. 1a and 1b. One of the most glaring differences between Figs. 1a and 1b is the trend dry matter content follows over harvests. In 2009, dry matter content increased after the biomass yield harvest, decreased after subsample one, and increased again after subsample two at both locations in the study. In 2010 however, dry matter content tended to increase with each consecutive harvest. This difference between years is likely due to a rain event that preceded subsample two in 2009 at both locations, decreasing dry matter content. Had it been dry prior to subsample two, the trend of dry matter content over harvest in 2009 would likely have been similar to that in 2010. Overall, dry matter content tended to increase with later harvests in both years at both locations (Figs. 1a and 1b) unless modified by weather conditions, which is consistent with previous studies (Cassida et al., 2005b; Adler et al., 2006; Hoagland et al., 2013) . At both locations and in both years of the study (with the exception of subsample two in 2009), dry matter contents reached acceptable levels for direct harvest (less than 770 g kg -1 ) (Lewandowski and Kicherer, 1997) by subsample two.
In 2009, dry matter content was similar at both locations over harvests with the exception of subsample three, while in 2010, dry matter content differed most at the biomass yield harvest. The interaction of location by harvest for dry matter seen in Figs. 1a and 1b is likely a result of differences in environmental conditions between locations at each harvest. For example, in 2010, the biomass yield harvest occurred on 3 December at Upper Deerfield and 21 December at Pittstown. Additionally, this Upper Deerfield harvest coincided with a snow event. Therefore, it logically follows that the Upper Deerfield location had lower dry matter content than the Pittstown location at the biomass yield harvest in 2010. Cassida et al. (2005b) suggested that environmental factors play the largest role in determining dry matter content. While important to note, these differences are not useful in determining optimal harvest dates at the locations in this study due to the variable nature of weather conditions. The significant cultivar x harvest interaction observed indicates that cultivars performed differently over harvests (Fig. 2) . At the biomass yield harvest, lowland cultivar Alamo, the latest maturing cultivar tested (Cortese and Bonos, 2013) , had lower dry matter content than Timber and Carthage. Later maturing lowland cultivars tend to enter into dormancy more slowly than earlier maturing upland cultivars after exposure to killing frost (Mitchell and Schmer, 2012) . Based on the trends observed here, later maturing cultivars, which tend to be higher yielding, have lower dry matter content at early harvests. This trend should be noted when harvesting biomass for combustion. In addition, this variation among cultivars decreased with later harvest, indicating that cultivar has less influence on dry matter content with later harvests. Despite the significant cultivar x harvest interaction, dry matter content increased in all cultivars with later harvests (with the exception of subsample two in 2009 due to the rain event). These results indicate that harvesting switchgrass in January in New Jersey allows for maximum dry matter content, and highlight the importance of not harvesting directly after a precipitation event, as this significantly affected the dry matter content of switchgrass. Dry matter contents among upland and lowland cultivars tested were comparable except during the fall, when southern lowland cultivars like Alamo may not be fully senesced and therefore have lower dry matter content. Uppercase letters indicate differences among cultivars within each harvest. Lowercase letters indicate differences among harvests (P≤ 0.05).
Ash Content
The strong year x location effect observed (Table 4) shows that ash content averaged over subsample harvest was similar in 2009 and 2010 at the Upper Deerfield location but differed between years at the Pittstown location, where mean ash content was greater in 2009 than in 2010 (Fig. 3) . This difference in mean ash content between years at Pittstown could be due to difference in stand age between years. At Pittstown, the data collected in 2009 corresponded to the second growing season, while the 2010 data corresponded to the third. It has been demonstrated that ash content decreases with stand age over the first three growing seasons (Liu et al., 2013) .
Additionally, the difference in ash content between locations may be due to the fact that the soil at the Pittstown location has a higher clay content than the soil at the Upper Deerfield location. Ash content has been shown to be higher in bioenergy crops grown in soils with higher clay content (Landstrom et al., 1996; Burvall, 1997; Cassida et al., 2005b) .
Ash content of cultivars varied across the three subsamples in this study, indicated by a significant cultivar x harvest interaction (Fig. 4) . While the rank of ash content among cultivars changed across subsamples, no difference among cultivars at each subsample harvest was observed; therefore, the differences in ash content between cultivars at each subsample harvest observed likely do not bear practical significance. Ash content tended to decrease in all cultivars with later subsample harvests, with minimum mean ash content (19.2 g kg -1 ) realized by the January subsample harvest (Fig. 4) .
The overall decrease in ash content with later subsamples is likely due to the translocation of nutrients to the basal stem and roots, as well as leaching of minerals such as potassium from the biomass as weathering continues through the winter (Kering et al., 2013) . Previous studies have reported switchgrass ash levels ranging from 3% (Adler et al., 2006) to 4.8% (Cassida et al., 2005a) . Ash levels reported in this study were generally lower and therefore more preferable for use in combustion systems. It should be noted, however, that ash content is affected by environmental factors and will vary over locations and with different harvest methods. Allison et al. (2012) and Liu et al. (2013) observed an increase in lignin content in switchgrass with increasing stand age. Plant tissue with increased lignin content has a higher energy content (Lewandowski and Kicherer, 1997) . Based on the fact that high heating values were similar among all cultivars tested, across all harvests, and across locations in the study, the difference in high heating value seen in the year by location interaction does not likely bear practical significance. Overall, high heating values ranged from 19.39 to 20.08 MJ kg -1 and were slightly higher than previously reported values of 17.4 MJ kg -1 (McKendry, 2002) , 18.3 MJ kg -1 (Hoagland et al., 2013) , and 18.7 MJ kg -1 (Dien et al., 2006) . Results observed here indicate that cultivar and harvest time do not have a significant influence on high heating value in switchgrass. It should be noted however, that future studies that include more cultivars, locations, and harvest dates are needed to further assess the impact of these factors on high heating value. 
Near Infrared Reflectance Spectroscopy
The evaluation of biomass samples for ash and high heating value using NIRS resulted in a calibration equation for ash with a highly significant (P< 0.01) R-squared value of 0.88, whereas the R-squared value for high heating value was only 0.33. The lack of significance for the high heating value was likely a result of the non-significant difference among sample parameters because variation was less than 10% from minimum to maximum energy levels. With ash content, the range was more than five-fold. Overall these results suggest that for the range and types of biomass encountered in this study, NIRS could be used to rapidly analyze ash content but not high heating value. The lack of differences among the range of genetic and environmental parameters that these samples represent would suggest that processors may need to only randomly sample a few incoming lots of biomass to ascertain the potential combustion energy of sources if 10% or less variation is acceptable.
Conclusions
This is the first study to report biomass yields, moisture content, ash content, and high heating value of switchgrass cultivars grown in sward plots in New Jersey and the northeastern/MidAtlantic US. Dry matter biomass yields differed across locations and harvest years, but were similar among cultivars tested, ranging from 9.87 Mg ha -1 to 12.93 Mg ha -1 . Dry matter content tended to increase with later harvests, and reached 900 g kg -1 by January at both locations with the exception of the Pittstown location in 2009. Generally, dry matter content did not differ among cultivars tested except at the biomass yield harvest, where the late-maturing cultivar Alamo showed lower dry matter content. Dry matter contents observed would allow for direct or same day harvest of switchgrass biomass by January without the need for further drying, weather permitting. Ash values reached minimum levels in all cultivars tested by January at both locations. High heating values did not differ among cultivars or harvests and showed no consistent pattern with respect to year. Therefore, harvesting switchgrass in January or later provides for minimal ash levels and higher dry matter content, which are favorable for combustion. Because yields were not taken at later harvest dates, further studies are needed to determine the optimal harvest time that would minimize dry matter loss while maintaining low moisture and ash contents. Further characterization of specific combustion characteristics would also be beneficial for making switchgrass recommendations for direct combustion. Switchgrass cultivars Alamo, Timber, and Carthage have promise as bioenergy feedstocks for use in combustion bioenergy generating systems in New Jersey and the northeastern/Mid-Atlantic US.
